Aims/hypothesis Tankyrase (TNKS) is a ubiquitously expressed molecular scaffold that is implicated in diverse processes. The catalytic activity of TNKS modifies substrate proteins through poly-ADP-ribosylation (PARsylation) and is responsive to cellular energetic state. Global deficiency of the TNKS protein in mice accelerates glucose utilisation and raises plasma adiponectin levels. The aim of this study was to investigate whether the PARsylation activity of TNKS in adipocytes plays a role in systemic glucose homeostasis. Methods To inhibit TNKS-mediated PARsylation, we fed mice with a diet containing the TNKS-specific inhibitor G007-LK. To genetically inactivate TNKS catalysis in adipocytes while preserving its function as a molecular scaffold, we used an adipocyte-selective Cre transgene to delete TNKS exons that encoded the catalytic domain at the C-terminus. Tissuespecific insulin sensitivity in mice was investigated using hyperinsulinaemic-euglycaemic clamps. To model adipose-liver crosstalk ex vivo, we applied adipocyte-conditioned media to hepatocytes and assessed the effect on gluconeogenesis.
Introduction
Tankyrase (TNKS) is a ubiquitously expressed modular protein that functions both as a molecular scaffold and as an enzyme [1] . The ankyrin repeats near the TNKS N-terminus provide a multivalent scaffold that binds to diverse proteins containing the sequence motif RxxPDG [2] . Established TNKS partners include insulin-responsive aminopeptidase (IRAP, a vesicular membrane protein [2] ) and axin (a key component of the β-catenin degradasome [3] ). The catalytic domain in the TNKS C-terminus can poly-ADP-ribosylate (PARsylate) TNKS itself as well as many of its binding partners [3, 4] . In this post-translational modification, NAD + is consumed as a co-substrate to label acceptor proteins with poly-ADP-ribose (PAR). In insulin-secreting cells, glucose and other nutrients can augment NAD + production to stimulate TNKS autoPARsylation [5] . The downstream effects of TNKS-mediated PARsylation are not fully understood. In the case of TNKS itself and axin, PARsylation acts to destabilise both proteins by recruiting a PAR-directed E3 ubiquitin ligase [6] . Certain TNKS partners do not undergo PARsylation [7] ; they presumably use TNKS as a scaffold to interact with other RxxPDG-containing partners.
TNKS resides in multiple subcellular locations and regulates diverse processes ranging from telomere homeostasis to mitotic progression [1, 8, 9] . In non-cycling cells, TNKS localises primarily to sorting stations for vesicular cargos and can either promote or repress the exocytosis of specific cargos [10, 11] . In 3T3-L1 adipocytes, TNKS co-fractionates with microsomes as a peripheral membrane protein and colocalises with GLUT4 vesicles near the Golgi [4, 12] . Given its Golgi localisation and its impact on the exocytosis of various cargos, TNKS seems poised to modulate the secretory pathway of adipocytes.
The PARsylation activity of TNKS, by destabilising axin, can augment the canonical Wnt-β-catenin pathway. In the absence of Wnt ligands, this pathway is inhibited since an axin-based degradasome (destruction complex) destabilises β-catenin through N-terminal phosphorylation, triggering ubiquitination and proteasomal degradation [13] . Wnt ligands inhibit the degradasome, allowing dephosphorylation and stabilisation of β-catenin to modulate the expression of target genes [13] . Many PARsylation inhibitors with various degrees of specificity for TNKS have been identified by virtue of blocking Wnt signalling [3, [14] [15] [16] but none has been investigated in vivo for potential effects on glucose homeostasis.
We have previously shown that global deficiency of the TNKS protein in mice led to greater energy expenditure, higher muscle insulin sensitivity and higher plasma levels of the insulin-sensitising hormone adiponectin [17] . In the current study we aimed to specifically implicate the PARsylation activity of TNKS in glucose homeostasis in mice. Since many endocrine organs are responsive to factors secreted by adipocytes [18] , and secretory pathways are subject to regulation by TNKS [10, 11] , we focused on establishing TNKS as a regulator of adipokine secretion that has an impact on systemic metabolism.
Methods
Generation and care of mouse models A neomycin-resistant targeting construct was transfected into ES cells (129/SvEv) by InGenious Laboratory (Stony Brook, NY, USA) to flox exons 25-26 of the TNKS gene. After confirming homologous recombination and establishing germ-line transmission, the neomycin cassette was removed by mating with mice expressing FLP recombinase. Mice carrying the resulting floxed TNKS allele (TNKS +/f ) were mated with mice expressing Cre recombinase from the adenovirus EIIa promoter (Jackson No. 003724; Jackson Laboratory, Bar Harbor, ME, USA) to generate the ΔPARP allele (Fig. 2a) . The floxed allele and the ΔPARP allele were identifiable as a 387-bp and a 336-bp band, respectively, by PCR using the three primers indicated in Fig. 2a (sequences listed in electronic supplementary material [ESM] Table 1 ) and a genotyping protocol [17] . For adipose-selective inactivation of TNKS, TNKS f/f mice were mated with aP2 (also known as Fabp4)-Cre Salk [19] or adiponectin (Adipoq)-Cre transgenic mice (Jackson No. 010803). Adiponectin knockout mice were from the Jackson Laboratory. Up to four mice per cage were maintained in a controlled environment (23±1°C, lights on from 06:00 to 18:00 hours) with free access to water and either normal chow (Diet 5001, LabDiet Inc., St. Louis, MO, USA) or a high-fat diet (HFD, TD.96132; Harlan, Indianapolis, IN, USA), which provided 13.5% and 40% of energy intake from fat, respectively. The same diets were reformulated by Research Diets (New Brunswick, NJ, USA) to contain G007-LK [20] at 0.1% wt/wt (chow) or 0.015% wt/wt (HFD). At a daily food consumption of 2.5 g by a 25 g (chow) or a 40 g (HFD) mouse, these formulations provided a daily G007-LK dose of 100 and 10 mg/kg, respectively. All procedures were approved by the Institutional Animal Care and Use Committee at the University of California, San Diego.
Mouse phenotyping After nine or ten generations of backcrossing with C57BL/6N mice (Harlan), TNKS f/f mice were bred with aP2-Cre Salk TNKS f/f mice to generate littermates for phenotyping. Body composition was measured in an EchoMRI-100 scanner (EchoMRI, Houston, TX, USA) without fasting or sedation. Hyperinsulinaemic-euglycaemic clamps were conducted as described [17] after mice had been fasted for 6 h. Insulin was infused at 4 mU kg −1 min −1 and blood glucose was clamped at ∼6.7 mmol/l. To assess insulinstimulated Akt phosphorylation in vivo, 8-month-old mice fasted for 6 h were anaesthetised. A piece of the liver, one gastrocnemius and one perigonadal fat pad were resected as basal samples. After injecting insulin (0.25 U/kg) into the inferior vena cava, the remaining liver, gastrocnemius and perigonadal fat pad were resected at 3, 7 and 10 min, respectively. Extraction of tissue proteins and quantification of triacylglycerol were as described [17] . Relative abundance of plasma adiponectin and retinol-binding protein 4 (RBP4) was determined by immunoblotting and densitometry as described [17] . Methods related to protein and mRNA analyses, the generation of adipocyte-conditioned media and ex vivo gluconeogenesis assay are detailed in ESM Methods.
Statistical analyses All data represent mean±SEM. Statistical significance was calculated using Student's unpaired twotailed t test (p<0.05).
Results
Pharmacological TNKS inhibition enhances glucose tolerance and insulin sensitivity To investigate the role of TNKS catalytic activity in metabolism, we treated wild-type male mice with G007-LK, a PARsylation inhibitor specific for TNKS and the closely related TNKS2 [21] . To deliver this compound orally at a daily dose of 10 mg/kg to a typical 40 g mouse that consumed 2.5 g of HFD each day, we impregnated the diet with 0.015% (wt/wt) of G007-LK. This formulation effectively attenuated TNKS activity in vivo as assessed by upregulation of axin1 and downregulation of active (unphosphorylated) β-catenin in adipose tissue (Fig. 1a) . Compared with HFD alone, treatment with G007-LK- injection of glucose (1 g/kg) (h) or insulin (0.65 U/kg) (i) were measured (at 8-9 months, n=10 per group). (j, k) After the indicated number of days of G007-LK treatment, fasting plasma was immunoblotted to quantify RBP4 (j) and adiponectin (k) as described in Methods (n=10 per group). The immunoblots and quantification of day 60 samples are shown. AU, arbitrary units. (l) Mice (at 4 months, n=5 per group) on a chow diet were started on G007-LK treatment (0.1% wt/wt in chow) at 16:00 hours, using drug-free chow as control. Plasma was collected 16 h and 22 h later without fasting of mice. Adiponectin levels determined by immunoblotting were normalised to pre-treatment (16:00 hours) average of the two groups. For all line graphs: black squares, G007-LK-treated mice; white rectangles, control mice. *p<0.05 and **p<0.01 for G007-LK vs control containing HFD for 6 months did not affect body weight ( Fig. 1b) , food intake (ESM Fig. 1a ), plasma albumin levels (an index of liver synthetic function, ESM Fig. 1b ) or intestinal mucosal histology (ESM Fig. 1c ), all arguing against overt toxicity. G007-LK treatment did not affect overall adiposity as determined by body composition analysis ( Fig. 1c ) despite there being a modest reduction in individual adipocyte size (Fig. 1e) . Importantly, G007-LK treatment lowered fasting glucose levels ( Fig. 1g ), improved glucose tolerance ( Fig. 1h ) and potentiated the hypoglycaemic effect of insulin (Fig. 1i ).
Since glucose homeostasis is modulated by adipokines, we investigated the effect of G007-LK on plasma RBP4 (a prodiabetic adipokine [22] ) and adiponectin. Immunoblotting of plasma showed that during G007-LK treatment RBP4 levels became progressively lower than in controls ( Fig. 1j ) whereas adiponectin levels persistently exceeded those in controls (Fig. 1k ). Since G007-LK did not increase adipose tissue stores of adiponectin mRNA (ESM Fig. 1d ) or protein ( Fig. 1a) , its effect on plasma adiponectin was likely posttranscriptional. Also supporting a post-transcriptional mechanism was the finding that overnight G007-LK treatment at a higher dose (100 mg/kg per day) robustly increased plasma adiponectin (Fig. 1l ).
Adipose-selective deletion of the TNKS catalytic domain
The effect of G007-LK on glucose metabolism (Fig. 1g-i ) could reflect inhibition of PARsylation in any of the many tissues that express TNKS or TNKS2. However, the rapidity of the effect on plasma adiponectin (Fig. 1l) pointed to adipose tissue as a key target. To confirm this, we set out to genetically inactivate TNKS selectively in adipocytes. First, we used homologous recombination to flox the TNKS gene as depicted in Fig. 2a . Cre-mediated recombination of the floxed allele TNKS f , by shifting the open-reading frame, was predicted to delete the entire PARP domain (aa 1179-1320 encoded by exons [25] [26] [27] and shorten the protein product by 6 kDa. This was confirmed using mice homozygous for the recombinant allele ΔPARP (Fig. 2b) . As expected, the recombination deleted the C-terminal epitopes of TNKS (Fig. 2b) . This deletion ) were immunoblotted for TNKS as in (c). (e, f) Extracts of perigonadal fat (e) and liver (f) of CITA mice (black bars, n=11) and WT littermates (white bars, n=15) (8-9 months old) were immunoblotted for axin1 and active (unphosphorylated) β-catenin (ABC) and quantified by densitometry. *p<0.05 for CITA vs WT did not disrupt the scaffolding function of native TNKS since the resulting fragment TNKSΔPARP was pulled down by GST-IRAP aa78-101 containing the TNKS-binding motif RxxPDG (Fig. 2b) .
To selectively truncate TNKS in adipocytes, we expressed Cre recombinase in TNKS f/f mice using either the aP2 Salk or the adiponectin promoter [23, 24] . Fig. 2c shows that only aP2-Cre induced efficient TNKS truncation in adipose tissue. Since no truncation was detected in the pancreas, heart, liver or peritoneal macrophages (Fig. 2d) , aP2-Cre TNKS f/f mice were referred to as CITA (catalytically inactive TNKS in adipocytes) in subsequent phenotyping. To corroborate the tissue specificity of this conditional model, we showed (Fig. 2e, f) that the CITA adipose tissue, but not liver, exhibited upregulation of axin1 and downregulation of active (unphosphorylated) β-catenin, the expected consequences of TNKS inactivation.
Female CITA mice have greater glucose tolerance and insulin sensitivity Female CITA mice fed a chow diet exhibited lower overall adiposity (Fig. 3b) and smaller adipocyte size (Fig. 3d) than wild-type littermates despite upregulation of adipogenic markers including lipogenic genes (Fig. 3e) . Plasma resistin and leptin levels did not differ between the CITA and wild-type mice (Fig. 3f, g ) whereas plasma adiponectin was significantly increased in CITA mice (Fig. 3h) . This increase was a post-transcriptional effect since neither adiponectin mRNA (Fig. 3e) nor protein (Fig. 3h) Sections of perigonadal fat were stained with haematoxylin and eosin (scale bar, 100 μm) and areal size of adipocytes was quantified using NIH ImageJ (available from http://rsb.info.nih. gov/ij/download.html). (e) Gene expression analysis of perigonadal fat in CITA (n=11) and WT (n=15) mice at 8-9 months. (f, g) Plasma resistin (f) and leptin levels (g) (4-5 months) were determined as described in Methods. (h) Plasma (at 6 months) and adipose tissue (from the same gel as shown in Fig. 2e ) were immunoblotted for adiponectin using immunoglobulin and HSP90 as loading controls (CITA, n=11; WT, n=15). One arbitrary unit (AU) of plasma adiponectin corresponded to 24 μg/ml. (i, j) Blood glucose excursion of CITA (n=11) and WT (n=15) mice (at 4-5 months) injected intraperitoneally with glucose (2 g/kg) (i) or insulin (0.35 U/kg) (j) after a 6 h fast. White rectangles and bars, WT; black squares and bars, CITA. *p<0.05, **p<0.01 and † p=0.2 for CITA vs WT CITA mice exhibited greater glucose tolerance (Fig. 3i) and insulin sensitivity than their wild-type littermates (Fig. 3j) . This glucose phenotype and increased adiponectin in plasma was not discernible in male CITA mice (ESM Fig. 2 ) or ovariectomised female CITA mice (ESM Fig. 3 ), a sexual dimorphism that prompted us to further phenotype only female mice.
Liver of female CITA mice on a chow diet is more insulin sensitive To specify the tissue(s) that mediated the glucose phenotype of female CITA mice on a chow diet, we performed hyperinsulinaemic-euglycaemic clamp studies. We found comparable rates of hepatic glucose production between CITA mice and controls in the basal state (23.1±0.8 vs 23.6± 0.8 mg kg
, p=0.72). During insulin infusion, CITA mice tolerated a higher glucose infusion rate than wild-type mice (Fig. 4a) and showed a greater suppression of hepatic glucose production (Fig. 4b ) and plasma NEFA levels (Fig. 4c) , indicative of increased insulin sensitivity in liver and fat, respectively. This was in contrast to the muscle, where the insulin-stimulated glucose disposal rate indicated comparable insulin sensitivity between the two genotypes (Fig. 4d) . To corroborate the above tissue specificity, we harvested various tissues before and after in vivo insulin stimulation to compare insulin signalling. Figure 4e shows that insulinstimulated Akt phosphorylation in the liver and fat, but not muscle, of the CITA mice was more robust than that in control mice.
The CITA liver exhibited downregulation of the gluconeogenic marker Pdk4 and the inflammatory markers F4/80 (also known as Adgre1) and Mcp-1 (Fig. 4f) . It also contained less triacylglycerol than control liver (Fig. 4g) , which presumably reflected decreased lipogenesis and increased lipolysis, since the CITA liver showed downregulation of lipogenic genes (Acc, Acs and Acl [Acly]), upregulation of the lipolytic gene Atgl (Pnpla2), and no changes in markers of triacylglycerol export (Apob and Mtp) (Fig. 4f) . Collectively, these data indicate that the CITA liver, despite being free from TNKS inactivation (Fig. 2d, f) , was indirectly affected by TNKS inactivation in adipose tissue.
Liver of female CITA mice on an HFD is more insulin sensitive To find out if the metabolic phenotype of lean CITA mice is conserved in the obese state, we fed female mice an HFD. This diet did not alter TNKS abundance (ESM Fig. 4a ) or prevent the CITA mutation from blocking Wnt signalling in the indicated tissues of 8-month-old mice was determined as described in Methods (n=8 for WT, n=11 for CITA). The bar graph represents the ratio of stimulated over basal phospho-Akt levels, each normalised to corresponding total Akt levels. (f, g) Gene expression (f) and triacylglycerol (g) analyses of liver of the same mice as in Fig. 3e (n=15 for WT, n=11 for CITA). White bars, WT; black bars, CITA. *p<0.05 and **p<0.01 for CITA vs WT fat (Fig. 5a) and raising plasma adiponectin levels (Fig. 5e) . The liver of HFD-fed CITA mice, like its counterpart from lean mice, showed downregulation of lipogenic genes, inflammatory markers and Pdk4 (ESM Fig. 5a ). Importantly, HFDfed CITA mice also exhibited greater glucose tolerance (Fig. 5f ) and insulin sensitivity (Fig. 5g) . During hyperinsulinaemic-euglycaemic clamps, the hepatic glucose production in CITA mice tended to be lower than that in wildtype mice in the basal state (20.3 ± 1.5 vs 25.2 ± 1.3 mg kg
, p=0.13) and was significantly more sensitive to suppression by insulin (Fig. 5i) . This was in contrast to the findings in fat and muscle, where the two genotypes exhibited comparable insulin sensitivity based on suppression of plasma NEFA levels (Fig. 5j) and stimulation of glucose disposal rate (Fig. 5k) . Collectively these data indicate that in diet-induced obese female mice, liver insulin sensitivity was enhanced by inhibition of TNKS-mediated PARsylation in adipose tissue. This phenotype was not attributable to differences in the severity of obesity since body weight and overall adiposity were comparable between the two genotypes (Fig. 5b, c) .
Adipose TNKS activity modulates secreted factors to regulate hepatocyte gluconeogenesis Given the indirect hepatic effect of adipose TNKS inactivation, we hypothesised that this effect was mediated by adipocyte-derived factors whose secretion was regulated by TNKS-mediated PARsylation. To test this hypothesis, we compared ex vivo gluconeogenesis in hepatocytes pre-treated with conditioned media (CM) generated by CITA or wild-type (TNKS f/f ) adipocytes. Figure 6a (bar 3 vs bar 4) shows decreased gluconeogenesis in hepatocytes pre-treated with CM from female CITA vs wild-type mouse adipocytes. This anti-gluconeogenic effect was not observed in CM from male CITA mouse adipocytes (Fig. 6a, bar 1 vs bar 2) , a sexual dimorphism that mirrored the female specificity of CITA phenotype in vivo. To corroborate the effect of genetic TNKS inactivation, we also treated female wild-type shows that CM from G007-LK-treated adipocytes imparted an anti-gluconeogenic effect on hepatocytes. This effect was not due to G007-LK carryover from adipocytes to hepatocytes, since direct G007-LK treatment of hepatocytes did not affect gluconeogenesis (Fig. 6c) . Furthermore, we treated 3T3-L1 adipocytes with IWR-1, a structurally distinct TNKS inhibitor [14] , and rinsed off the inhibitor before CM collection. Figure 6d shows that CM from adipocytes pretreated with IWR-1 also exhibited an anti-gluconeogenic effect. Collectively, these ex vivo studies indicate that upon genetic or pharmacological TNKS inactivation, adipocytes used secreted factors to communicate with hepatocytes to reduce gluconeogenesis.
A candidate mediator of this TNKS-modulated adipocytehepatocyte crosstalk is adiponectin since TNKS inactivation increased plasma adiponectin and concomitantly decreased hepatic glucose output ( Figs 3, 4 and 5) . We therefore investigated whether adiponectin knockout could abrogate the impact of G007-LK on adipocyte-hepatocyte crosstalk. In line with the known anti-gluconeogenic effect of adiponectin [25] , we found increased gluconeogenesis in hepatocytes exposed to CM from adiponectin-knockout vs wild-type female mouse adipocytes (Fig. 6b, bar 3 vs bar 1) . However, G007-LK treatment of adipocytes, regardless of adiponectin genotype, conferred a comparable anti-gluconeogenic effect to the CM (bars 2 and 4). This ex vivo assay therefore suggested that upon short-term G007-LK treatment, adipocytes alter the secretion of factors apart from adiponectin to reduce gluconeogenesis in hepatocytes.
Discussion
The novel genetic model established here shows that in female mice, adipocyte-selective inactivation of the TNKS catalytic activity improves systemic glucose tolerance primarily by augmenting liver insulin sensitivity. Our ex vivo data implicate adipocyte-secreted factors in the indirect hepatic effect of adipose TNKS inactivation. A similar glucose phenotype, along with increased plasma adiponectin levels, is replicated by treating wild-type mice with the TNKS inhibitor G007-LK, suggesting that the expanding arsenal of TNKS inhibitors [16] may have potential as anti-hyperglycaemic agents. The clinical relevance of this study is supported by the association of polymorphisms near the human TNKS locus (8p23.1) with traits like diabetes [26] [27] [28] , obesity [29, 30] and plasma adiponectin levels [31] .
The increases in insulin sensitivity and adiponectin levels found in the CITA model are shared by our previous model of global TNKS protein ablation [17] . The similarity between the two models suggests that the impact of TNKS on systemic metabolism is largely mediated by its PARsylation activity in adipocytes. The two models do differ in phenotypic details. In contrast to the global model, CITA mice do not exhibit increased insulin sensitivity in muscle (Figs 4d and 5k) . This difference could be because the CITA model does not target TNKS in muscle and was phenotyped in C57BL/6 female mice, whereas the global model was in male mice of a mixed genetic background [17] . It could also be that adipocyte functions are differentially affected in the two models since only the CITA model preserves the scaffolding function of TNKS (Fig. 2b) .
Consistent with findings in cell-based studies [3] , TNKS inactivation in the CITA adipose tissue results in axin stabilisation (Figs 2e and 5a) . Consequently, this tissue exhibits certain transcriptional changes (Fig. 3e and ESM 5b ) that mirror the reported effects of blocking Wnt signalling in adipocytes such as upregulation of GLUT4 [32, 33] and fatty acid synthase [34] . On the other hand, other changes in the CITA adipose tissue, including decreases in both overall adiposity (Fig. 3b ) and inflammatory markers (Fig. 3e ) go against After removing IWR-1, CM was collected overnight and applied to hepatocytes as described in Methods. Data are representative of three or four independent studies, each conducted in 4-6 replicates. *p<0.05 and **p<0.01 for indicated comparisons the predicted effects of blocking Wnt signalling [34, 35] . Since TNKS can PARsylate many substrates besides axin [36] , it is expected to have an impact on cellular processes unrelated to Wnt. For instance, TNKS can PARsylate the proteasome to enhance its proteolytic activity [37] . Because proteasomal inhibition can stabilise nascent adiponectin in the secretory pathway [38] , the post-transcriptional increase in adiponectin observed in the plasma of CITA mice (Figs 3h and 5e) could reflect attenuation of proteasomal activity in the CITA adipocytes. Alternatively, the change in adiponectin secretion may be secondary to a direct TNKS effect on the inflammatory state or other processes in the adipocytes.
Unlike adipose tissue, the liver of the CITA mouse does not exhibit TNKS truncation (Fig. 2d) or its effects on axin and β-catenin (Fig. 2f) . Thus, the metabolic phenotype of the CITA liver (Figs 4 and 5) is likely to be a remote effect of adipose TNKS inactivation mediated by adipokines. Indeed, gluconeogenesis in hepatocytes is attenuated by secreted factors from adipocytes where TNKS has been inactivated genetically or pharmacologically (Fig. 6) . Based on the consequences of interventions that inhibit TNKS in adipocytes, we infer that a physiological function of TNKS catalysis in adipocytes is the enhancement of hepatic gluconeogenesis.
The specific adipokine(s) mediating the proposed TNKSmodulated communication with liver remains to be identified. Although our short-term ex vivo studies do not implicate adiponectin in this TNKS-modulated crosstalk (Fig. 6 ), it remains possible that sustained increase in circulating adiponectin in CITA mice and in G007-LK-treated mice might help improve glucose tolerance. Both our ex vivo and in vivo studies indicate that regulation of fat-to-liver communication by TNKS is more robust in female mice. Given the prevailing view that sexual dimorphism in metabolism results from the interplay between gonadal hormones and sex chromosome complements [39] , we speculate that ovarian hormones accentuate the CITA phenotype through a synergism between oestrogen action and TNKS inhibition. A candidate molecular mechanism would be synergistic blockade of Wnt signalling, since TNKS inhibition [3] and oestrogen receptor action [40, 41] have separately been shown to block Wnt signalling. Future effort will attempt to explore mechanism(s) underlying the sex specificity of the CITA phenotype and to identify the adipokine(s) mediating TNKS-regulated communication between adipose tissue and liver.
